Abstract-Variable stiffness technologies help to solve the conflicting requirements of strength, comfort, and safety in soft exoskeletons. Here, we propose a modular variable stiffness strip based on layer jamming as a mechanical solution to constrain users' degrees of freedom and/or to implement wearable anchor points. Equipped with integrated capacitive strain sensors in the longitudinal direction, the strip is 30 mm wide and 3 mm thick and has a modular design that enables its adaptability to different morphologies and force requirements. If negative pressure in the order of tens of KPa is applied, the strip undergoes a stiffness change by a factor of 600, thus ranging between stretchability typical of elastane and inextensibility up to a maximum resisting force of 60 N. The versatility of the strip is shown by integration in an upper body exosuit.
I. INTRODUCTION
In recent years, there has been a rapid increase in the use of soft wearable exoskeletons for rehabilitation and power augmentation [1] [2] . The so-called 'exosuits' have replaced rigid exoskeletons due to their increased comfort and safety, and lower influence on the natural kinematics of the user [3] .
The design of mechanical solutions for selectively constraining user movement and for implementing anchor points (i.e., exosuit attachment points to the human body [2] ) is an important research topic given its impact on the efficacy, wearability, and comfort of exosuits.
In rigid exoskeletons, users' degrees of freedom (DOF) can be constrained through rigid locking mechanisms. Such locking mechanisms are useful to decrease the energy consumption [4] , to increase the safety [5] , and to tune the joints' impedance [6] . One of the major challenges of soft wearable technologies is the development of mechanisms that can lock a user's specific DOF, while maintaining the comfort of a completely conformable system. In fact, in contrast to rigid exoskeletons, joint positions in exosuits are not well defined and the actuators are distributed along the body. Therefore, locking devices commonly used in rigid exoskeletons, ranging from mechanical latches to electromagnetic brakes [7] , cannot be directly integrated into a soft exosuits without impairing their wearability.
A second important challenge is providing a tight and stable physical coupling between the user and the suit through anchor points that are adaptive to the user's body morphology, as well as being fast and easy to wear [8] . Connected to actuators as well, anchor points keep the wearable device in position while actuation forces are transmitted to the body [2] and thus they are fundamental to obtain an efficient and accurate force transmission [9] [10] . To ensure the needed adaptability, such physical couplings are currently obtained with structured textiles and fasteners (e.g. belts, hook and loop fasteners, straps, boa systems, composites of fabric, and formable plastics), which increase the setup / removal time (especially crucial in emergency situations).
Variable stiffness technologies have a great potential to address the abovementioned problems. Able to change their load bearing capabilities under certain stimuli, variable stiffness devices can exhibit a bandwidth of stiffness states: in the "soft" state, they can conform and follow the movement of their host body whereas, in the "stiff" state, they can rigidly constrain user movement or firmly adhere to their body [11] . Based either on a specific phase change material (e.g. low melting point materials, electro-and magneto-rheological fluids) or on a friction-based mechanism (e.g. jamming, cable tensioning), variable stiffness devices have currently being used in wearable applications [12] [13] . For example, in [12] a variable stiffness orthopedic finger cast based on Cerrolow 117 could be worn like a normal glove when heated up above 47°C but prevents motion below this temperature. In [13] , a wearable joint support was developed based on granular jamming, where the stiffness of four flexible columns filled with grains mounted on a silicone sleeve is controlled by pressure. In [14] , a low power electro-adhesive clutch was used in conjunction with a rubber spring to improve the walking efficiency of an ankle exoskeleton. As highlighted in [9] for rigid limb attachments (i.e. orthosis) and in [15] [16] for wearable haptic displays, layer jamming is a stiffening solution that is faster than low melting point materials and less cumbersome than granular jamming [17] [18] . A stiffness increase of tens of times can be achieved by applying negative pressure on a stack of inextensible sheets contained by an airtight deformable chamber: the layers pack together and the interlayer friction hampers their relative movement [19] . Lightweight and safe, layer jamming only requires power when changing state, in contrast to electro-adhesive devices [14] .
In this paper, we present a modular variable stiffness strip (VSS) based on layer jamming with integrated capacitive strain sensing in the longitudinal direction. Capable of quick conversion from the soft and stretchable state to the stiff and inextensible state, the VSS is a versatile component that can be integrated in exosuits, to solve the previously reported issues. To support this claim, we demonstrate the use of the VSS in an upper body exosuit as (1) a locking device to constrain the user's degrees of freedom, and as (2) Fig.1 and Movie S1 show a prototype of variable stiffness strip (VSS) based on layer jamming with integrated strain sensors. The VSS is made of inextensible jamming layers enclosed by an elastane-silicone composite fabric (i.e., air tight encapsulation); strain sensors are distributed along the length of the VSS and a tube at one end is used for air removal (Fig. 1 A) . The jamming layers are made of inextensible materials in the longitudinal direction (y-direction in Fig. 1 ). Moreover, they are characterized by a low bending stiffness to promote adaptability to the body curves. When negative pressure is not applied (soft state), the interleaved layers can easily slip over one another and over the internal portion of the encapsulation. When negative pressure is applied (stiff state), the increased contact between the interleaved layers, results in a higher static coefficient of friction μ. For n interleaved layers with pair-wise overlap area A (as shown in Fig. 1 B) , the maximum resisting tensile force F of the device for a given applied pressure p is:
The arrangement of the jamming layers along the VSS is modular to allow adaptability in size. In fact, they are attached to the elastane-silicone fabric in separate stacks distributed all along the strip ( Fig. 1 B) . The mechanical bonding of each stack to the elastane-silicone fabric is realized by straight -stitches (layers' seam in Fig. 1 B) in the direction perpendicular to the loading of the strip. The jamming layers belonging to two different stacks fixed to two adjacent seams are interleaved ( Fig. 1 B, C) .
The encapsulation made of elastane-silicone composite fabric is elastic and stretchable to allow the conformability of the VSS in the soft state to the human body and its movements. The two opposite sides of the elastane-silicone composite fabric have different properties, fundamental for the correct functioning of the VSS. The external side, which is covered by a thin layer of silicone, guarantees the air sealing of the fabric (air tight (AT) side), and therefore enables the application and maintenance of the negative pressure on the jamming layers. The internal side, where the elastane is exposed, assures low frictional contact with the top and bottom jamming layers of each stack (low friction (LF) side).
All the modules share the same encapsulation i.e., the negative pressure is applied to each stack of jamming layers at the same time. If necessary, the length of the VSS can be shortened by cutting the strip along a layers' seam ( Fig. 1 B) and then sealing the cut end with a mechanical clamp or fast curing silicone glue. The length, the width and the thickness of each module are 47.5 mm, 30 mm and 3 mm respectively.
The speed of the stiffness change depends on the air capacity of the encapsulation and on the speed of the actuator used to apply negative pressure (e.g. pneumatic cylinder, pump). In turn, the air capacity is related to the overall dimensions, the number of jamming layers, and the number of used modules.
The strain sensors, which are meant to detect gesture and position of the user, are adapted from a previous work that used carbon black (CB)-loaded silicone films [21] . They are composed of silicone dielectric layers and CB electrode layers, forming stretchable capacitors. In this study, the sensor geometry has been modified to comply with the modularity of the VSS design. When an axial stress is applied, the dielectric layer becomes thinner, while the electrode area becomes larger, leading to an increase in the measured capacitance. The sensors are distributed in correspondence of each module: each strain sensor covers an area slightly larger than the overlapped area of layers.
III. FABRICATION
The VSS is fabricated layer-by-layer (Fig. 2) . The elastanesilicone composite fabric with different frictional behavior on the two sides is fabricated as shown in Fig. 2 , step 1: a 550 μm layer of elastane is bonded to a 250 μm layer of silicone (Ecoflex 0020, Smooth-On Inc., Easton, PA, USA) by using a layer of uncured silicone whose thickness (150 μm) is less than the elastane one (Fig. 3 A) . A similar process is followed to fabricate the composite fabric with embedded sensors: the sensors' layer (made of Ecoflex and carbon black and fabricated through film casting process as described in [20] [21]) is used in place of silicone film (Fig. 2, step 2) .
The jamming layers are made of paper (weight 160 g/m 2 , thickness 200 μm) or PVC (thickness 200 μm). Each stack, consisting of 3 layers, is laser cut in a single foldable piece, as shown in Fig. 3 B. After folding, the stacks are distributed and sewed along a strip-shaped piece of elastane-silicone fabric (Fig. 2, step 3) , on its LF side. In an unstretched VSS, the layers of two consecutive stacks overlap around 80% of their area (Movie S1). The last step of fabrication is the encapsulation of the interleaved stacks: a strip-shaped piece of composite fabric with embedded sensors is glued with silicone glue (Silpoxy, Smooth-On Inc., Easton, PA, USA) to the edges of the first composite fabric strip. A silicone tube (Silex LTD, UK) is added on one end of the VSS to allow the air removal.
IV. RESULTS

A. Characterization of the variable stiffness strip
The VSS mechanical properties were quantified by tensile tests performed on prototypes characterized by diverse layer materials (paper and PVC), different conditions of applied pressure (0-20KPa), speed of deformation (5-1000 mm/min), and number of modules used. Three tests were performed for each condition in uniaxial tension with a Universal Testing System (Instron Series 3300, Instron, MA, USA).
In the soft state, the elasticity of the VSS is determined by its composite encapsulation, which can exhibit a maximum strain of 50% (initial length 47.5 mm) limited just by the need of maintaining the jamming layers in interleaved configuration (Fig. 4 A) . In this state, it conforms to the human body and does not influence the user's kinematics or range of motion; the resistance force opposed to 50% strain is as small as few Newtons (Fig. 4 A) ; such a resistance force is slightly higher (15%) than the one by a piece of elastane alone with same size and stretched condition, due to the presence of the silicone encapsulation and the sensors.
In the stiff state, under the application of a given negative pressure, each module of the VSS resists extension up to a maximum resisting tensile force. As expressed by (1) and shown in Fig. 4 A and B, such a maximum value increase depends on the layer material (i.e. higher force for paper than PVC) and on the overlapped area between layers. For example, a VSS' module with n=6 layers (three per stack) made of paper under 20 KPa and subjected to a displacement rate 80mm/min, resists up to 24 ± 4(SD) N (Fig. 4 B) . After reaching this maximum force, the layers slide over one another, and their overlapped area decreases. Therefore, the friction force becomes smaller, and the composite encapsulation contributes more to resisting the applied load. This phenomenon can be seen on 20 KPa, 30 KPa and 40 KPa curves of Fig. 4 A. The Young's modulus, which does not depend on the pressure applied, is around 600 times higher than in soft state (i.e. Estiff = 90 MPa, Esoft = 0.15 MPa, considering the total cross-sectional area, A = 30x3mm 2 of the VSS) (Fig. 4 A) . According to (1), the estimated coefficient of static friction paper-paper is 0.44 ± 0.06(SD), which is in agreement with existing literature [22] . For very low speeds (i.e. 5mm/min) and very high applied pressure, the jamming layers exhibit stick-slip phenomenon that causes large oscillations in the registered force.
Being modular, the VSS length can be adapted to the body dimensions by cutting-and-sealing (with a mechanical clamp or glue) one end or simply by anchoring the VSS in correspondence of intermediate 'layers' seams' (Fig. 1 B) . As expected, the behavior under pressure (stiff state) of multiple serial modules of the VSS is nearly identical to the behavior of a single module in terms of the effective Young's modulus and maximum resisting force (Fig. 4 C) . After all modules are subjected to loading, the VSS fails in correspondence of one of the modules, which reaches the maximum resisting tensile force before the others because of differences induced by hand fabrication (Fig. 4 C, D) .
In order to meet higher force requirements, the same VSS can be folded so that the modules are arranged in a parallel configuration: for example, if the strip is folded once, the expected maximum resisting force in the stiff state will be twice the force of one single module. In this case, it should be considered that the same behavior applies also to the resisting forces in the soft state, increasing the effort of the user and decreasing the transparency to the wearer.
B. Characterization of the strain sensors
We performed measurement of the sensor response as a function of strain, ϵ. The VSS was fixed in a linear stage that applied uniaxial stress up to 50 % strain, while the sensor response (i.e., capacitive change) was measured by an LCR meter. We also measured stress applied on the VSS using the Universal Testing System. Fig. 5 A shows the sensor response and normalized stress, ̂= / soft of one sensing segment (corresponding to one module) of the VSS. The sensor displays linear response, with a gauge factor ~1.4. On the other hand, the stress represents the non-linear elasticity of the silicone. The capacitance value of a sensor segment at 0 % strain is ~80 pF. Fig. 5 B shows the response of one sensing segment at 1st, 25th, and 50th strain cycle. The sensor value is stable over the entire cycles, demonstrating its high robustness and repeatability. Fig. 6 displays two possible implementations of the VSS in an upper body exosuit.
C. Applications in an upper body exosuit
In Fig. 6 A, B, and C, several VSSs are integrated into a sensorised upper-body exosuit that aims at remotely controlling mobile robots in immersive way [23] : the torso movements of the user are recorded with an Inertial Measurement Unit (IMU) and mapped into control instructions for a fixed-wing drone. The drone pitch is controlled by bending the torso forward and backward and drone roll is controlled by bending the torso laterally. The environment of the drone is captured through a frontal camera and perceived as first person view by the user via virtual reality goggles. Here, the VSSs are used in order to lock torso movements to prevent the user to perform unsafe maneuvers for the drone. For example, when flying in cluttered environment, VSSs can constraint torso movements which could result in collision with obstacles. One end of each VSS is fixed to the chest anchor portion of the exosuit (see Fig. 6 ). The other end (or intermediate 'layers' seam' in case of adjustment) is attached to the pelvis anchor part of the jacket, which can host on the back the negative pressure supply system (i.e. electro-pneumatic cylinder, valves and controller). Along the direction of the strip itself, the amplitude of the movement is measured by the strain sensors and, as soon as it exceeds given a threshold value, the VSS is constrained by applying negative pressure. In order to meet force requirements, either multiple VSSs can be attached in parallel or one single VSS can be folded so that the two or more parts works in parallel. In the soft state, the VSS is transparent to the wearer while in the stiff state, the strip resistance gives information to the user not to perform a certain movement. In the case of two parallel VSS strips with a negative pressure of 40 KPa (Fig .4 A) , the user will feel a resistive force of 100 N opposing their movements (see Movie S1).
In Fig. 6 D, a VSS is used as a wearable, bracelet-shaped anchor point. Here, the two ends of the VSS are connected and the two related stacks of layers are interleaved. When no pressure is applied, such a bracelet can be worn like a sleeve: due to its elasticity, it can stretch enough to pass the hand and then it can self-adjust on the forearm. In this state, the pressure exerted on the human arm is comparable to the pressure of a compressive garment. Once in place, the air removal stiffens the bracelet, which can therefore play the role of an anchor point (e.g. for cable actuation, Fig. 6 D) . Being the human forearm roughly conical in shape (i.e. diminishing in diameter toward the wrist), the stiffened bracelet does not slide upwards when an upward pulling force is applied (Fig. 6 D) .
In a complete exosuit, several anchor portions (e.g. all the black portions in Fig. 6 A, B and C) can be realized with the same method, thus enabling a rapid and simultaneous set up and removal.
V. CONCLUSIONS
The presented variable stiffness strip (VSS) enables a remarkable variable stiffness change (600X) and displays a modular and flat design that can be easily integrated in wearable systems. In the soft state, the VSS conforms to the human body and is transparent to the wearer. When negative pressure is applied, the VSS offers high resistance to stretching, whose maximum value depends on the pressure applied, on the layers' design and on the current state of interleaving of the layers.
The strip-like modular design of VSS is very versatile and make it suitable for multiple applications in soft exoskeletons. We have shown that, in an upper body exosuits, the VSSs can either lock specific degrees of freedom of the user or become a fast and easy-to-wear anchor portion. Embedded strain sensing allows for monitoring the deformation state of the VSS, which in turn can be related to the amplitudes of user movements or to the dimension of the user body.
In case of use in passive haptics (i.e. in exosuits for learning or training), stiffness tunability might be necessary. In order to obtain it with the current layer jamming-based VSS, negative pressure should be applied selectively to independent modules, resulting in a complex and bulky pneumatic circuit. For this reason, in future we will develop a VSS characterized by the same modular design but based on an electrically controllable technique like electro-adhesion. VSS used as a bracelet-shaped anchor point, insuring a tight attachment at the forearm which can then be pulled with an actuation cable to bend the elbow.
